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Experiments have been conducted using laser-driven cylindrical hohlraums whose walls are ma-
chined from Ta2O5 foams of 100 mg/cc and 4 g/cc densities. Measurements of the radiation tem-
perature demonstrate that the lower density walls produce higher radiation temperatures than the
high density walls. This is the ﬁrst experimental demonstration of the prediction that this would
occur [M. D. Rosen and J. H. Hammer, Phys. Rev. E 72, 056403 (2005)]. For high density walls,
the radiation front propagates subsonically, and part of the absorbed energy is wasted by the ﬂow
kinetic energy. For the lower wall density, the front velocity is supersonic and can devote almost all
of the absorbed energy to heating the wall.
PACS numbers: 52.35.Mw,52.40.Db,52.40.Nk
I. INTRODUCTION
Present designs for laser-driven inertial conﬁnement fu-
sion (ICF) use capsules that are either driven directly by
laser pulses or indirectly by converting the laser pulses
to x-rays in a hohlraum target. The conventional indi-
rect ICF target consists of a solid density gold shell or
hohlraum that surrounds the capsule [1]. The amount
of x-ray radiation available depends on the initial con-
version eﬃciency of laser light into primary x-rays and
on the x-ray re-emission eﬃciency of the hohlraum walls.
Research continues to investigate methods of improving
the amount of x-rays that reach the capsule [2]. This re-
search is signiﬁcant because improvements in target per-
formance mean increased operating margins for a given
laser capability.
One approach that has been proposed [3] is to manu-
facture the hohlraum walls from a gold foam whose av-
erage density is less than solid gold. This is possible
because, for a certain density range, less of the x-ray en-
ergy goes into energy lost into the wall compared to solid
density walls, so that the balance can be re-emitted onto
the capsule. Gold foams are predicted to decrease the
amount of lost energy by ∼ 17% [3].
In this Letter, we report on experiments that demon-
strate for the ﬁrst time the predicted density dependence
of the hohlraum wall loss. The wall density is varied
by manufacturing hohlraums made of tantalum oxide
(Ta2O5) foams of two diﬀerent densities. We will begin
by summarizing the theoretical basis of the target design,
discuss the targets, laser and diagnostics used. The ex-
perimental results are then described and compared to
the theoretical prediction.
Laser irradiation of the hohlraum wall produces pri-
mary x-rays that act as a heat source and create a nearly
black-body radiation ﬁeld inside the hohlraum. The ra-
diation is lost to the capsule, out of the laser entrance
holes, and to the walls of the hohlraum. The x-ray ra-
diation heats the walls of the hohlraum and creates a
radiation front, or Marshak wave [4, 5]) that propagates
into the wall. The change in the wall energy, E, per unit
area A, is given by
E/A ≈ ρeXM (1)
where ρ is the wall density, e is the internal energy per
unit mass, and XM is the propagation distance of the
Marshak wave.
The distance XM has been determined from analytic
solutions [5] of the radiation diﬀusion equation:
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where T is the temperature, and K is the Rosseland mean
opacity. We assume the functional forms e = fT βρ−μ
and K = g−1T−αρλ, where α, β, μ and γ are ﬁt to tab-
ulated values for the selected wall material. For the ma-
terials discussed in this letter, μ ≈ 0.14.
The solution for Eq. 2 has been found to depend on
the initial wall density [3]. For wall densities near solid
density, the radiation front velocity is subsonic. In this
case, the energy is absorbed in a small layer at the surface
of the wall, creating suﬃciently high pressure to ablate
the wall and create a plasma. We expect XM to be rela-
tively independent of the initial wall density because the
Marshak wave only sees the ablation density proﬁle.
For suﬃciently low wall densities, the Marshak wave
velocity is supersonic so the density can be assumed to
be constant in time and space. The solution [3, 5] in this
case for gold gives
XM = 0.0012T 1.95τ0.5/ρ1.03(cm) (3)
so, from Eq. (1),
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E/A = 0.0029T 3.55τ0.5/ρ0.17 (MJ/cm2) (4)
Thus, the density dependence of Eq. 4 is due primarily
to the density dependence of e. From Eq. 3 one can see
that as ρ increases, the velocity, X˙M , decreases, so, while
the front still proceeds supersonically, a larger fraction of
the tail of the radiation wave proﬁle develops a rarefac-
tion wave. Thus, Eq. 4 must include a term that takes
into account the increase in kinetic energy due to that
rarefaction wave:
E/A = 0.0029T 3.55τ0.5/ρ0.17+0.0035ρ0.79T 2.4τ (MJ/cm2)
(5)
This last equation has a minimum when
ρ∗ = 0.17T 1.2heV t
−0.5
ns g/cc. (6)
When substituted back into Eq. 5, this ρ∗ gives an
E/A lower by 17% than the subsonic case [3], where
the rarefaction kinetic energy plays an even bigger role
throughout the radiation front. This presents the oppor-
tunity to reduce the hohlraum wall loss by constructing
the hohlraum wall with a low-density foam.
We have performed experiments that conﬁrm the the-
oretical predictions. We chose Ta2O5 as the material for
the hohlraum walls, because of the relative ease of pro-
ducing mechanically stable foams of two densities (100
mg/cc and 4 g/cc) diﬀerent enough to produce an ob-
servable diﬀerence in x-ray ﬂux. Foams of 100 mg/cc
density are readily available using an aerogel process [6],
and we expect, from Eq. 6, that the energy loss to the
wall is near a minimum at this density when T ∼ 100 eV.
High density foams can be formed by pressing and sinter-
ing Ta2O5 particles to achieve a density of 4 g/cc. The
predicted diﬀerence in wall loss for 4 g/cc foam compared
to solid density is only ∼ 1% .
Balancing the x-ray source energy to the x-ray energy
sinks of wall loss and hole loss, and invoking the predicted
diﬀerence in wall loss between the 100 mg/cc and the 4
g/cc foam for T ≈ 100 eV of 13% , leads to a predicted
T diﬀerence, δT of ∼ 2.5 eV. The observed δT will be
larger due to the diﬀerence in the wall albedo, α, where
α = Frad/Finc = 1− (Fabs/Finc) = 1− (Fabs/σT 4) (7)
Finc is the x-ray ﬂux in the hohlraum cavity, Fabs is the
ﬂux absorbed in the wall, and Frad is the ﬂux re-radiated
by the wall. Combining the facts that the absorbed ﬂux
in 4 g/cc Ta2O5 foam is 20% higher than that of gold,
with Fabs = E˙abs/A, and the subsonic solution for the
Marshak wave at solid density gold, leads to [2, 5]:
αs = 1− 1.2× (0.34/T 0.7) = 0.60 (8)
FIG. 1: a) Design and dimensions of the foam-walled Ta2O5
hohlraum targets. b) Design and dimensions of the solid gold
hohlraum targets.
The 100 mg/cc foam has 13% lower wall loss than the
high density foam so
αf = 1− 0.87× 1.2× (0.34/T 0.7) = 0.65 (9)
Applying the correction
Tobs = Twα1/4 = 1.025× (0.65/0.60)0.25 = 1.04 (10)
we obtain a temperature diﬀerence for the two densities
in excellent agreement with the computation predictions
and the experimental results.
For our experimental design, we chose a hohlraum
that is illuminated from one end with 15 laser beams
(see Fig. 1), and whose axis is oriented so that the
ﬂux diagnostic (Dante) can view the x-ray emittance of
the hohlraum wall at an angle of 41.8 degrees from the
hohlraum axis without seeing the laser spots. Dante is
a multichannel time-resolved x-ray spectrometer with a
demonstarted absolute accuracy of ± 5% [7]. Each chan-
nel is ﬁltered to maximize transmission for a given energy
band from 50 eV to 2.5 keV. The T ∼ 100 eV of the
targets discussed here is covered by the 5 lowest energy
channels which utilize grazing incidence mirrors to reject
the high energy x-rays that make it through the ﬁlters.
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FIG. 2: a) Average laser pulse for 15 beams used in the solid
gold hohlraums. b) Radiation temperature from Dante mea-
surement for four solid gold hohlraums.
The x-rays are detected by x-ray diodes (XRDs) whose
signal is recorded by a fast transient scope. The time
response of the XRD and scope is approximately 140 ps.
The hohlraum was irradiated with 15 beams of the
Omega laser that were positioned on a ring of solid gold
in order to have a source of primary x-rays that is in-
dependent of the foam density. The beams were chosen
to have an incident angle at the ring of less than 45 de-
grees: 6 beams had an incident angle of 42.2◦, 3 had an
incidence angle of 31.2◦, and 6 beams had an incidence
angle of 27.7◦. Each beam produced approximately 350
J of 0.35-μm light in a 1-ns reverse ramp (RR1001) pulse.
The pulse shape was chosen to keep T approximately con-
stant during the laser pulse, as is assumed by the theory.
Elliptical phase plates were used to spatially smooth the
laser intensity proﬁle at the hohlraum wall.
The given amount of laser energy and the design tem-
perature of 100 eV led to a hohlraum with an inner di-
ameter of 1.6 mm and a length of 2.6 mm (see Fig. 1).
The hohlraum was formed by ﬁrst either casting the 100
FIG. 3: a) Average laser pulse for 15 beams used in the foam
hohlraums. b) Radiation temperature from Dante measure-
ment for ﬁve foam hohlraums.
FIG. 4: Calculated radiation temperature for the two foam
densities.
4mg/cc foam, or pressing and sintering Ta2O5 particles
into a stainless steel form, then machining out the center
to form a foam cylinder. The end of the hohlraum fac-
ing the Dante diagnostic was covered with a gold washer
of 1.2 mm diameter. This washer further obscured the
laser spots from the Dante ﬁeld of view and also covered
the exposed end of the foam so the propagating radiation
front did not change the emission area viewed by Dante.
The unfold of the radiation temperature from the
Dante signals requires knowledge of the emission area,
which can change over time if material is ablated from the
inside of the observation hole. To measure the emission
area as a function of time, an x-ray framing camera was
used with a soft x-ray (SXR) imaging snout. The emis-
sion source is imaged with a pinhole through a mirror-
ﬁlter pair that deﬁne the wavelength band at which the
image is obtained. For this experiment, we used three
channels: 1) Ge mirror at 3◦ incidence and a 1 μm Zn
ﬁlter (450 eV), 2) Al mirror at 3◦ incidence and a 1 μm
V ﬁlter (760 eV) and 3) a 1 mil-thick Be ﬁlter (< 1.5
keV). No measurable closure of the Dante viewing hole
was observed while the laser was on.
We compare results between experiments performed
over an 8 hour period. The channel response of the spec-
trometer can change if the ﬁlters are damaged or coated
with target debris. The spectrometer performance was
monitored by alternating the foam density on each shot;
we observed that the Dante measurements were very re-
producible for each of the two foam densities. Also, the
ﬁlters were inspected after the shot series to verify that
there was no signiﬁcant increase in ﬁlter pinhole area or
observable coatings.
To measure the shot-to-shot reproducibility of the
Dante signal, we shot 4 identical solid gold hohlraums
with the same inner dimensions as the foam hohlraums.
The average laser energy is 5.6 kJ ± 300 J (summed
over 15 beams), i.e. the shot-to-shot variation is ∼ 5% .
Figure 2b shows the radiation temperature deconvolved
from Dante signals from four separate experiments; the
maximum diﬀerence is ∼ 1 eV at any given time.
Data from the foam hohlraum shots is shown in Fig-
ure 3. Again the pulse shape and energy is highly re-
producible over the course of ﬁve shots. The radiation
temperature is clearly higher for the lower foam density,
with a temperature that is higher by ≈ 4 eV (correspond-
ing to an ﬂux increase of ∼ 17 % ), all in agreement with
the analytic prediction.
The observed density dependence of the radiation tem-
perature agrees with the predictions of 2D simulations, as
well. The simulation results using the Lagrangian NYM
code [8] are shown in Fig. 4. Both the density dependence
and the time history of the radiation temperature agree
well with the experimental measurements, and are inde-
pendently duplicated by the LLNL 2D code LASNEX.
In summary, we have demonstrated, for the ﬁrst time,
increased radiation temperature temperature in foam-
walled hohlraums when compared to solid density walls.
The Ta foam results presented here motivate develop-
ment of gold foams. For Trad ∼ 250 eV, the optimum
density is 400 mg/cc.
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